Lead halide perovskites have recently raised as an easy to process and cost-effective photovoltaic material. However, stability issues have to be addressed to meet the market need for 25 years durable technology. The stability of the perovskite itself, as well as the stability of the perovskite embedded in a complete device under real working conditions, are a key challenge for perovskite solar cells.
INTRODUCTION
Halide perovskites are currently attracting large attention as novel photovoltaic material to design the next generation of solar cells. 1 Despite their relatively recent discovery, lab-scale perovskite solar cells (PSCs) with power conversion efficiencies (PCEs) above 22% proved the potential of perovskites as photovoltaic materials. 2 PSCs are a serious candidate to compete or to work in tandem with established technologies such as silicon and cadmium telluride solar cells. 3 The next and probably more difficult challenge for PSCs is to stabilise their PCE for 25 years equivalent standard working conditions. Accelerated 1 year equivalent ageing test, such as 1000 hours under maximum power point tracking at 1 sun simulated illumination, showed that the most stable lab-scale PSCs so far reported still lose about 10% of their initial efficiency compared to less than 0.5% of the market availed silicon modules. More stable PSCs were reported, but their initial PCE was far below the stateof-the-art. 4 While the stability gap with the silicon seems huge, recent works demonstrated that PSCs recover part of their losses after a rest in dark. 5, 6 This has been associated with the migration of ionic defects within the perovskite film and their accumulation at the interface with the selective charge contacts in the device. 7, 8 In addition to reversible losses, non-reversible ones may originate from degradation of the perovskite film. Water and oxygen are well-known sources of perovskite film degradation. Several studies indicated that PSCs exposed to water and oxygen under illumination lose their initial PCE in relatively short time. [9] [10] [11] [12] [13] [14] [15] More recently, Wang et al. demonstrated that the perovskite grain boundaries are the access point for water entering and diffusing within the perovskite film. 16 They showed that the grain boundaries within the perovskite film initiate the degradation, which successively propagates towards the grain bulk. The work of Wang et al. highlighted the importance of reducing or passivating the grain boundaries to improve the stability in the humid environment during the preparation of the device. Nevertheless, the impact of the grain boundaries on the stability in a condition resembling a solar cell operational, i.e. under illumination and load, required still further investigation.
In this work, we show that under light and voltage stress the grain boundaries initiate the degradation of the perovskite film. We make use of Photoconductive Atomic Force Microscopy (pcAFM) and photoluminescence (PL) mapping to investigate the degradation at the nanoscale. Correlating the pcAFM and PL nanoscale analysis to macroscopic devices, we found that non-reversible losses in power conversion efficiency originate from perovskite degradation localised at the grain boundaries. Notably, the bulk of the perovskite grains exhibits fully reversible behaviours. We conclude that the grain boundaries are a source of instability and thus they need to be minimised or passivated to achieve fully stable perovskite solar cells. Figure 1 . a. Schematic of the measurement protocol: the perovskite film surface was scanned using pcAFM while the sample was illuminated from the FTO substrate with Red-Green-Blue LEDs, 625-630, 517-520, 465-470 nm, each of them with 1.2 mW of power. -0.2 V load was applied between the FTO and the tip. During the whole experiment, the samples were kept under dry air with a relative humidity below 6%. b. Topography (top), corresponding pcAFM current (bottom) and SEM image inset, the arrows highlight the grain boundaries. c. 3D view superimposing current colour image and topography. d. pcAFM maps (top) and their corresponding topography images (bottom) collected from different virgin areas of the perovskite film, along different times during the light exposure. e. pcAFM map of the same sample where a square of 20 µm x 20 µm was recorded by performing three passes with a -0.2 V biased tip and waiting one hour between each of the scans.
To investigate the perovskite film degradation at nanometer level we performed Photoconductive Atomic Force Microscopy (pcAFM). 17 Figure 1a depicts a schematic of the measurement protocol. The samples were kept continuously under illumination in dry air with a relative humidity lower than 6% to avoid a fast degradation mechanism induced by high humidity. 18 More details of the measurement setup are reported in S1.
Before discussing the effect of the applied voltage on the degradation, we show the high-resolution pcAFM image to correlate the AFM topography of the perovskite film and the current distribution (see Figure 1b) . A SEM image is also included to show that the same topography is observed as extracted by AFM. The arrows in Figure 1b highlight the perovskite grain boundaries, which can be identified in the both AFM and the pcAFM images. The correlation between grain boundaries on the current distribution is possibly clearer in the 3D plot in Figure 1c , which overlaps film topography and current mapping. We collected both the trace and retraced images to rule out artefacts that may arise from bad mechanical contact (see S2) and we repeated the same experiment with smaller grain perovskite films (see S3).
In the first set of measurements (Figure 1d While Wang et al. reported a similar study in humid air, 16 we can here exclude that the propagation of the grain boundary effect is due to water diffusing from the boundaries into the bulk of the perovskite grains. First, because the humidity was taken constantly lower than 6%, while perovskite film hydration required over 30% relative humidity, 11, 16 and second because the measured RMS roughness has no significant changes during the experiment, which suggests no significant hydration. 11 We measured 130 and 142
nm RMS before and after the experiment, while the hydration is reported to double up the RMS roughness of perovskite films. applied load under illumination, can in part recover their initial power conversion efficiency. [5] [6] [7] To investigate if the voltage mediated photocurrent degradation was to some extent reversible, we tried to regenerate the sample applying a reverse voltage.
First, we mapped the photocurrent of a random area of the perovskite film, and then we accelerated the degradation of the sample under light and voltage (-2 mV), similar to what we described for the experiment in Figure 1 . Thus, we applied a reverse voltage (0.5 V) on a smaller area within the one previously scanned (degraded). The photocurrent maps of the pristine, degraded and recovered samples are reported in Figure 2a , b and c. In addition to the 2D distribution of the photocurrent, we reported a 3D analysis overlapping the photocurrent to the AFM topography, see Figure 2d and 2e.
From the photocurrent maps, it looks clear that there is a partial recovery of the photocurrent within the area where the reverse voltage was applied and almost no difference for the control area (on the sides), where no regenerating voltage was applied. Furthermore, the 3D analysis shows that the inner part of the perovskite grains, corresponding to the top of the hills in the topographic images, fully recovers the initial photocurrent while the grain boundaries, corresponding to the valleys in the topographic images, remain entirely degraded(additional data is provided in SI, see S5). This is clearer from the graph in Figure 2f , where we report the photocurrent as a function of the surface height. We can observe that the initial photocurrent is rather uniformly distributed; conversely, the recovered photocurrent is clearly higher on the top of the hills. Similar spatial inhomogeneity was reported by Garrett et al. for the open circuit voltage distribution within the perovskite grains. 19 To quantify the regeneration, histograms of the photocurrent maps were reported in Figure 2g . Each count corresponds to a pixel of the photocurrent image. We calculated that the sample recovered 35% of the initial photocurrent. Interestingly, we can see a sharp separation between the degraded and non-degraded current peaks, which indicates the presence of a net-front of degradation moving from the boundaries to the bulk of the grain. This is in line with what recently reported by Sun et al., 15 who proposed that degradation initiating at the boundaries and slowly diffusing towards the bulk of the perovskite grains is due to the presence of trace amount of oxygen. They argued that, under illumination, the perovskite injects electrons within molecular oxygen generating highly reactive superoxide species, which decompose the perovskite. We want to highlight that this process is evidently non-reversible and thus unrelated to the reversible behaviours we observed.
To clarify if the reversible behaviour is a volume or a surface effect, we performed AFM scratching experiments, increasing the force on the tip to penetrate the surface of the perovskite film. Scanning a degraded area with the scratching experiment (see S6 of SI), we found that the initial photocurrent is fully recovered if the force on the tip is strong enough to penetrate few nanometers from the surface. This is compatible with the model proposed by Richardson et al., 20 where ions composing the perovskite can migrate and accumulate within a few nanometers at the interface with the selective contacts. Here, we infer that ions accumulating at the interface with the tip screens the applied voltage, which results in a lower photocurrent. Therefore, when the tip penetrates the charged layer, the original photocurrent is recovered. Figure 3 . Photoluminescence (a) and reflectance (b) images of a sample that was previously degraded using the AFM under bias, describing three degraded squares within an otherwise not degraded film.
To provide further insights into the degradation mechanisms upon illumination and biasing of the perovskite, we made use of Raman/photoluminescence (PL) microscopy.
We measured a sample that had been previously degraded in three 100 m x 100 m squared areas using an AFM under light and applied voltage. We recorded the Raman/PL signal upon laser excitation at 785 nm as well as the reflectivity signal (the reflection of the laser itself at zero Raman shift). Outside the degraded area, the signal is dominated by the large PL from the perovskite with no clear Raman features, as reported elsewhere. 21 Within the degraded area, the PL slightly decreases. Importantly, no signature of strong chemical degradation is observed. For instance, no Raman peaks of lead iodide or other species, which typically have very clear and strong vibrational fingerprint, are detected in those areas. Raman can typically detect several chemicals if the relative volume fractions are greater than a few %. Degradation occurring mainly at surfaces and grain boundaries may then not be accessible using this technique. On the other hand, the 785 nm laser is reflected more strongly in the degraded areas ( Figure   3b ). A possible explanation could be that the surface is becoming more reflective due to a decrease in surface roughness; however, the AFM data in Figures 1 and 2 do not support this hypothesis. An alternative explanation is that the material itself becomes more reflective. Bulk degradation would typically result in the lower refractive index, 22 which would reduce the normal incidence reflectivity. Instead, an increase in surface Incidentally, the increase in reflectance means that less light is available for absorption at the perovskite, which helps to explain the reduction in PL. Free charges could also act as PL quenching centres. In summary, the spectroscopic experiments suggest that the level of chemical degradation is small within these experiments, and it may be localised at grain boundaries and the surface. In order to corroborate what we observed from the nanoscale analysis of the macroscopic behavior of devices in similar ageing conditions, we prepared complete PSCs following one of the most recent methods, which makes use of mixed halide and mixed cation perovskite films deposited on a thin layer of mesoporous TiO 2 .
23
Mimicking the measurement protocol described in Figure 1 for the pcAFM analysis, we measured the current density-voltage curves (JVs) of PSCs before and after 1 hours under forward voltage in light and dry air. Figure 4 displays the JV curves with the corresponding performance parameters listed in 5 In our previous study, we proposed that such reversible losses are due to the intrinsic perovskite ion migration and their accumulation at the interface with the selective charge contacts. 7 However, we could not rule out any potential contribution of extrinsic ion migration due to, for example, chemical doping of the contacts, as recently reported by Li et al. 24 Here, the photocurrent mapping collected with the pcAFM from perovskites without selective contacts provided a direct evidence that such reversible behaviors are intrinsic to the material and most likely linked to the ion migration.
Comparing the nanoscale and the macroscopic analysis, we can observe that the J sc decay in the complete device is almost fully reversible while the initial photocurrent in the pcAFM is only in part recovered (35%, see Figure 2 ). Such a difference may originate from having the perovskite film coated with the hole-transporting layer in the complete device and naked in the pcAFM measurement. We believe that the holetransporting material can penetrate in between the small gaps of the perovskite layer, effectively passivating most of the grain boundaries. 25 This is expected to slow down the degradation in a complete device as compared to a perovskite film directly exposed to air. We would also like to note that when using the AFM tip, the voltage drop is concentrated in a much smaller area (the effective tip area) compared to the full device, which means that the voltage will be much stronger during the AFM experiments, and thus ion migration and photocurrent degradation is likely to be more pronounced. Photoconductive atomic force microscopy. Photoconductive AFM (pcAFM) was used to explore the degradation mechanisms of the cell. A solid platinum tip, with reference RMN-25PT300, is connected to logarithmic I-to-V converter "Resiscope" while the sample is biased by a user-selectable voltage. The sample is irradiated with a RedGreen-Blue led (630, 520 and 470 nm) with the same electrical power applied to the three diodes. A constant force of 200nN was applied to the sample comprising a good electrical contact to collect the generated current guaranteeing no mechanical damage to the sample. To avoid humidity effect, before turning the light on in the box, we lowered the ambient humidity by introducing compressed air into the AFM box.
Photoluminescence mapping. Photoluminescence maps were acquired using a WITec alpha300 confocal Raman imaging system in backscattering geometry exciting with a 785nm solid state laser. Images contained 10.000 spectra, each collected on the flight and with 50 ms integration time. With the same system, both PL and Raman scattering are collected simultaneously. The chosen excitation wavelength limits the degradation of the sample and enables a relatively small PL background compared to exciting at shorter wavelengths, which facilitate the identification of any emerging species by
Raman. This configuration only allows, however, to collect the tail of the PL of the perovskite. The laser reflectance was also collected during the same experiment at a zero Raman shift position.
